Mid-infrared light provides numerous unexpected opportunities in scientific discoveries because this wavelength region covers the fingerprints of various molecular vibrational resonances. However, the light generation efficiency and bandwidth have been a long-standing bottleneck which has limited the development so far. Moreover, the light source that can be integrated with other components such as wavelength filters, detectors, and electronics, will be the key factor toward the future practical applications. Here, we propose an all-air-cladding silicon-rib waveguide to experimentally reveal the nonlinear performance of supercontinuum generation. By tuning the waveguide dispersion parameters with simulation, a continuous broad spectrum of 1.32 octave (2-5 μm) was observed with a pump pulse wavelength of 4 μm. To further investigate our device characteristics, multiple conditions were set by varying the interaction length, pump power, and waveguide dimension, which revealed the nonlinear phenomenon in the waveguide. Silicon, a promising electronic material for more than half a century, has recently gained importance as an optical material. As predicted by Soref in his Si-based optoelectronic integrated circuit prediction [1] , this material with germanium has been attracting attention in "silicon photonics" since the beginning of this century. The distinctive features of a complementary metal oxide semiconductor (CMOS)-compatible process opened a new world of high-performance optoelectronic circuits with extremely low fabrication cost. However, most applications have been developed for near-infrared (IR) telecommunication bands around an optical wavelength of 1.5 μm so far, even though this material has an excellent transparency window over IR and terahertz bands [2] [3] [4] . If a broadband supercontinuum (SC) light source can be generated in such an integrated optical circuit, it will be able to open up possibilities for various applications such as environmental measurement [5] , bio-chemical sensing [6] , metrology [7] , optical communication [8] , and absorption spectroscopy in basic science [9] . Furthermore, recent advanced technology of chalcogenide glass-based fibers [10, 11] and waveguides [12] generate SC lights very efficiently and broadly, but the future compatibility with electronics integration is still difficult. Previous challenges of the SC light generation from the group IV materials began at a 1.5 μm pump with a standard silicon wire waveguide [13, 14] , and then gradually extended to a longer wavelength up to a mid-infrared (mid-IR) regime recently. Thanks to the material nature of silicon, the large optical linear susceptibility allows a tight guiding-mode confinement as small as a sub-μm 2 cross-sectional area, and the remarkably large third-order nonlinear susceptibility enables an efficient SC light generation induced by multi-complex light-matter interactions such as self-phase modulation (SPM), cross-phase modulation, four-wave mixing, self-steepening, stimulated Raman scattering (SRS), Cherenkov radiation, and soliton fission. It should be noted that the Kerr coefficient n 2;Si in bulk crystalline silicon has been reported as 4.2 × 10 −18 m 2 ∕W [15, 16] which is about 20 times larger in value than silicon nitride [17] , and more than 160 times larger than silica glass [18] around a wavelength of 1.5 μm. Moreover, a highly confined waveguide due to silicon's high refractive index allows large anomalous dispersion that can maintain a very short pulse duration by counterbalancing the SPM effect. Such a dispersion-induced pulse compression effect, which can be realized by tuning the waveguide dimensions, creates strong peak power and leads to efficient SC generation. Reducing multi-photon absorption is also a remarkable advantage when moving the wavelength range of interest to the mid-IR region. While the Kerr coefficient n 2;Si does not change by orders of magnitude as the wavelength becomes longer, the multi-photon Letter Vol. 43, No. 6 / 
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According to the latest updates related to the SC generation in mid-IR, an octave-spanning SC light ranging from 1.5 to 3.6 μm [22] and a frequency comb ranging from 1.5 to 3.2 μm [23] using a standard silicon-channel waveguide have been demonstrated. The limited spectral performance is restricted by the strong absorption edge due to a Si-O-Si vibrational mode from around 2 μm (e.g., absorption index k reaches ∼10 −4 at 4 μm and ∼10 −2 at 5 μm) and the presence of OH groups at wavelengths of 2.73-2.85, 3.5, and 4.3 μm [24] . (Note that the absorption rate depends greatly on the sample preparation methods.) In another report, over 1.5 octave SC spectrum covering from 2.0 to 5.6 μm with a silicon-onsapphire platform [25] has been achieved. Although the sapphire cladding has a wider transparent window compared to silicon dioxide, the absorption coefficient is continuously rising beyond 5 μm [26] . To overcome these restrictions, we demonstrate a suspended all-air-cladding silicon waveguide to generate SC light in the mid-IR range. This structure no longer requires a special wafer-bonding process that causes a cost increase and incompatibility with the standard CMOS process. In fact, several groups have predicted an efficient SC generation from any suspended Si, Ge, or SiGe waveguides by theoretical analysis [25, 27, 28] , but the experimental demonstration has not been reported. According to the past research, several different types of transparent silicon waveguides have been proposed for the mid-IR wavelength such as a suspended structure fabricated by wafer boding [29] or wet etching [30] , and low-loss platform enabled by mode-distribution adjustment [31] . In this Letter, we selected the wet etching method because of the design flexibility of the waveguide dimension, as well as wavelength dispersion and relatively simple fabrication procedures.
Figure 1(a) shows the schematic illustration of the suspended waveguide. The thicknesses of the waveguide (H ), slab (S), and buried oxide were 2 μm, 500 nm, and 3 μm, respectively. There were 1 μm × 2 μm holes around the waveguide for wet etching. The distance between the waveguide and the hole was 4 μm. The waveguide was fabricated on a SOI substrate. The device layer was grown by the floating-zone method to minimize free carrier absorption. The pattern was written by an e-beam lithography machine and transferred to the substrate by reactive ion etching (RIE). The holes around the waveguide were made by e-beam lithography and RIE processes. After making the holes, the substrate was dipped in 5∶1 buffered hydrofluoric acid (BHF) to remove the oxide layer below the waveguide. Figure 1(b) shows a cross-sectional image of the suspended silicon waveguide. The silicon membrane does not have a deflection because the slab is thick enough to avoid the mechanical instability. If the thickness of slab is less than 500 nm, the suspended waveguide would bend down to the substrate. The deflection of the beam at the center point is described by Fl 3 ∕4ES
3
, where F is the force on the center of the beam, and l is the length of the beam between the supports. E represents Young's modulus of silicon. Given that the force is applied only by the weight of the waveguide, the maximum deflection by the force is less than 1 nm. Therefore, the deflection by the weight of the waveguide is negligible. The deflection of the membrane is also caused by the residual stress in the silicon layer. The deflection induced by the residual stress is written by 3M l 2 ∕4ES
, where M is the bending moment. Thus, the deflection by the residual stress is proportional to S −3 . This trend has been experimentally shown in a previous report [20] . It indicates that the thicker membrane has more mechanical stability if the residual stress does not change. Besides, Young's modulus of a silicon membrane becomes lower than the bulk silicon when the thickness of the membrane is less than 300 nm [21] . For example, Young's modulus of a 300 nm thick silicon cantilever is 168 GPa, which is the same as the bulk silicon, while Young's modulus of a 12 nm thick silicon cantilever is 53 GPa. By considering the residual stress and Young's modulus of a silicon membrane, we conclude that our device is mechanically stable compared to thin silicon membranes (<300 nm).
A flat dispersion in an anomalous regime results in groupvelocity-matched light propagation in a short pulse width by balancing with the SPM effect. We calculated the dispersion curves for a single mode and tightly confined the rib waveguides with W:1000-3000 nm × H:500 nm × S:100 nm [ Fig. 2(a) ]. While the anomalous dispersion reaches up to 900 ps/nm/km at the narrowest waveguide width (W: 1000 nm), the available bandwidth was limited due to the mode confinement. (Note that the positive value in the vertical axis corresponds to the anomalous dispersion.) Additionally, both the dispersion and bandwidth are significantly modulated by the dimensions of the core, which results in a low tolerance to the fabrication error. In Fig. 2(b) , we designed a relatively large-core waveguide with dimensions of W:4000-10000 nm × H:2000 nm × S:500 nm to improve the dispersion profiles to be wider and flatter over the mid-IR region. When the thickness of the waveguide is 2000 nm, the dispersion is not greatly modulated by varying the width of the waveguide. Thus, our device is not affected by the fabrication errors compared to the thinner waveguides. To realize an efficient light coupling, 10 μm wide adiabatic tapers were equipped at both input and output edges.
The experiment setup for SC generation is illustrated in Fig. 3 . A pump light source is generated by a Yb:KGW pulse laser system followed by an optical parametric amplifier. The oscillator produces a 300 fs short pulse with a center wavelength of 1028 nm at a repetition rate of 150 kHz. By adjusting the LiNbO 3 crystal angle for a birefringent phase-matched condition between the fundamental (λ fund :1028 nm) and idler (λ idler :1384 nm) beams, a difference-frequency generation wavelength as a pump source (λ pump :4000 nm) is generated. The light polarization is adjusted to a quasi-TE mode (parallel to substrate). The femtosecond mid-IR pump pulse is coupled into the suspended silicon waveguide by using a pair of highnumerical-aperture (NA 0.85 at input, 0.56 at output) black-diamond (BD) lenses with an anti-reflection coating for the 3-5 μm range. To couple the pump light efficiently, a continuous-wave (CW) laser diode (λ tracer : ∼ 1500 nm) was used for imaging the input/output cross sections of the waveguide by an InGaAs camera, as well as tracing of the mid-IR light path. For the sample position alignment, a liquid-nitrogencooled HgCdTe detector (MCT#1) coupled the output light directly followed by a current-mode transimpedance preamplifier and a lock-in amplifier. Next, a refractive-grating-based (300 grooves/mm, 2-5 μm design wavelength) monochromator with an MCT#2 was used to perform the spectroscopy in 20 nm resolution steps.
We start the device characterization with loss measurement by coupling a CW-LD tracer light. With a waveguide width (W) of 8 μm, a transmittance of 15-20% using two coupling lenses was measured across a 12 mm long device. Next, we measured the loss at the pump wavelength of 4 μm. The coupling efficiency at the input was estimated to be ∼15%. The loss contains the transmittance of a BD lens (50%), Fresnel reflection on the silicon surface, and mode-field mismatching between the incident light and confinement mode (especially due to the waveguide height). The propagation loss was ∼5 dB∕cm at the pump wavelength. Taking the maximum input pump intensity of 28.8 mW for an example, the actual coupled power to the waveguide is around 4.3 mW which corresponds to 96 kW in peak power and 600 GW∕cm 2 in power density. To prevent launching any higher-order modes coupling we optimized the mode-field distribution to be single by monitoring it with an InGaAs camera from the output. At the beginning of the alignment for SC generation, we used neutral density (ND) filters to attenuate the pump intensity to operate at sub milliwatt level to protect the device surface from excessive heat. Then the focusing position was aligned by iterations to maximize the light transmittance from the wavelength of 1.5-4 μm. Figure 4(a) shows the spectra obtained using three input intensity conditions of 1.9, 14.9, and 28.6 mW (average power), with a 7 mm long device. At the maximum input power, a spectrum ranging 3.0-4.7 μm was observed at an output intensity of −30 dB level. A simple mountain-shaped spectrum suggests that the SPM effect is a dominant nonlinearity that spreads toward both sides while increasing the pump power. (Note that the sharp absorption observed at around 4.25 μm was caused by a vibration of asymmetric-bond stretching in CO 2 .) According to Ref. [13] , the SRS plays a small role in a crystalline-silicon waveguide because the gain bandwidth is narrow enough. Next, a 12 mm long device was measured to investigate the interaction length dependence. Figure 4 (b) exhibits the spectra measured with comparable pump intensity from 1.5 to 28.8 mW. Now, we recognized that even with the 1.5 mW, the pumped spectrum induced spectral broadening slightly. As we increase the pump intensity above 10 mW, many small peaks were induced due to the soliton fission, which means different nonlinear broadening mechanisms were observed at the device lengths of 7 and 12 mm. According to the Ref. [32] , the dispersion length L D ( T 2 0 ∕jβ 2 j) is ∼100 mm with T 0 300 fs, and β 2 −0.85 ps 2 ∕m at 4 μm. The soliton fission point can usually be observed in the range of 10-50% of L D that approximately agrees with our measurement result. The soliton order is estimated to be 48 at the input power of 10 mW. On the other hand, the spectrum distributions of 12.6 and 28.8 mW were almost identical over a wide range because of their approach toward the saturation regime, as well as the damage threshold of silicon. This saturation sign suggested that nonlinear absorption effects such as the four-photon absorption-induced free-carrier absorption, possibly occurred in our waveguide between the 7 to 12 mm interaction length. We note that the light intensity gradually becomes weaker beyond the wavelength of 4.5 μm independent of the pump intensity, although the wide anomalous dispersion shown in Fig. 2(b) indicates that the suspended silicon waveguide can support a broad SC extending to a much longer wavelength. Apparently, there are additional losses in the silicon waveguide present at long wavelengths. The microscopic origin of this extra loss mechanism is not known yet, and further systematic studies will be required to realize the full potential of the suspended silicon waveguide structures. Finally, we measured a device with a center waveguide width (W) of 6 μm, as shown in Fig. 5 . Similar trends were found over the full range, using the same input power.
In conclusion, a silicon-based broadband mid-IR white light source is experimentally demonstrated. While conventional silicon-photonic devices have a strong light absorption beyond 4 μm induced by the surrounding SiO 2 cladding, we improved this critical restriction with a fully suspended silicon waveguide structure. With pumping power >10 mW, we obtained an SC spectrum range from 2 to 5 μm. We expect this experimental demonstration with the suspended waveguide has paved the way for further development of mid-and far-IR SC generation. 
